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Abstract 

Assuming the proton's light-cone wave function to be dominated by small 
parton virtualities and small intrinsic transverse momenta, we show that 
the electroproduction amplitudes at large momentum transfer factorize 
into parton-level subprocess amplitudes and form factors representing 1/x- 
moments of skewed parton distributions. On the basis of a wave function 
overlap model for the form factors we present detailed predictions for the 
electroproduction cross sections. We also comment on large momentum 
transfer photoproduction. 



1 Introduction 



The interest in hard exclusive reactions has recently been renewed in the context of skewed 
parton distributions (SPDs) ||T], 0, [|. The SPDs, defined as hadronic matrix elements of 
bilocal products of quark or gluon field operators, are hybrid objects which combine prop- 
erties of form factors and ordinary parton distributions. In fact reduction formulas reveal 
the close connection of these quantities. It has been shown that, at large photon virtual- 
ly, Q 2 1 an d small momentum transfer, deeply virtual Compton scattering (DVCS) f||, |J 
and deeply virtual electroproduction of mesons (DVEM) || [| factorize into hard photon- 
parton scattering and SPDs describing the soft coupling between partons and hadrons. 
DVEM is dominated by longitudinally polarized photons for Q 2 — >• oo; the cross section 
for transversally polarized photons is suppressed by 1/Q 2 . Complementary to the large Q 2 
region is the large momentum transfer region (small Q 2 ). In this kinematical region Comp- 
ton scattering off protons factorizes into a hard parton-level subprocess and a soft proton 
matrix element that is described by new form factors @. These form factors represent 
1/x-moments of SPDs at large momentum transfer. Based on light-cone wave function 
overlaps as a model for the SPDs, detailed predictions for cross sections and polarization 
observables for real and virtual Compton scattering have been achieved in Refs. |7], || |9j . 

Here, in this work, we are going to apply the soft mechanism proposed in Refs. |7], || 
to electroproduction of flavor neutral pseudoscalar (P = 7r°, 77, rf) and longitudinally po- 
larized vector (V = p°, lu, <ft) mesons. We will show that all arguments given in Ref. @ in 
order to establish factorization of Compton scattering, apply here too. I.e. provided the 
virtualities of the partons and their intrinsic transverse momenta, defined with respect to 
their parent proton's momentum, are restricted by the proton's wave function, the domi- 
nant contribution to electroproduction is generated from the handbag-type diagram shown 
in Fig. |l|. It factorizes into meson electroproduction off partons and soft proton matrix 
elements described by the same type of form factors as appear in Compton scattering. It 
is shown in Ref. [0] that, at large momentum transfer, there is one parton with a large 
virtuality that couples to the meson and forces the exchange of at least one hard gluon. 
We, therefore, follow the concept used in the calculation of DVEM |5|, [J and treat meson 
electroproduction off partons to leading-twist, lowest order perturbative QCD. A purely 
soft mechanism for large momentum transfer electroproduction of mesons, i.e. a soft over- 
lap of the three light-cone wave functions for the hadrons involved is not possible @. It is 
to be stressed however that the soft mechanism is not dominant for asymptotically large 
momentum transfer. In this limit the hard perturbative mechanism, for which all partons 
participate in the hard process, provides the leading contribution [III and the soft one 



merely represents a power correction. In this respect factorization of the soft mechanism 
is not on the same footing as the one, say, for DVEM, where the factorising diagrams 
are dominant for asymptotically large photon virtuality, and where factorization can be 
proven to hold in all orders of perturbation theory. The soft mechanism applies to photo- 
production of mesons as well. However, the contributions from the hadronic component of 
the photon seem to dominate these processes for values of energy and momentum transfer 
accessible in current experiments. 



1 



Figure 1: The handbag-type diagram for electroproduction of mesons. The large blob 
represents a sum over all spectator configuration, k and k' denote the momenta of the 
active partons. The small blob stands for meson electroproduction off partons. 



It is also important to realize that the soft mechanism is complementary to the pertur- 
bative one, and both the contributions have to be taken into account in principle. However, 
recent developments, initiated by the CLEO measurements |TTJ of the 717 transition form 



factor and its theoretical analysis, e.g. |T2], |I4[ , revealed that soft contributions play an 
important role in hard exclusive reactions at experimentally accessible momentum transfer 
which is of the order of a few GeV. Indeed, in the case of the electromagnetic form factor 
of the proton, the perturbative contribution has been shown to be small as compared to 



experiment [15 , [T6|j provided the end-point regions, where one of the parton momentum 
fractions tends to zero, and where perturbative QCD is not applicable |lj]], are sufficiently 
suppressed. This can be achieved by employing the modified perturbative approach [|18j in 
which the transverse degrees of freedom and Sudakov suppressions are taken into account. 

The soft contribution to large momentum transfer Compton scattering evaluated along 
the same lines as for the electromagnetic form factors, is in reasonable agreement with 
experiment |7|, ||. The perturbative contribution, on the other hand, has only been calcu- 
lated to leading-twist accuracy |19[ and is way below the Compton data p0| unless strongly 
asymmetric, i.e. end-point concentrated distribution amplitudes are used. These give, how- 
ever, results for which the bulk of the contribution is accumulated in the soft end-point 
regions where the assumptions of leading-twist perturbative calculations break down. Even 
if asymmetric distribution amplitudes are utilized one obtains a perturbative contribution 
to Compton scattering that likely amounts to less than 10% of the data for momentum 
transfer in the region of a few GeV [I5|; the onset of the perturbative regime is expected to 
be above 10 GeV. The calculation of the leading-twist perturbative contribution to photo- 
production of mesons has been attempted by Farrar et al. jpT] . The results are at drastic 
variance with experiment f20| , p2| and need verification since the method for the numerical 
integrations used by Farrar et al. is questionable and known to fail in Compton scattering. 
On account of experience with electromagnetic form factors and Compton scattering, we 
will assume that the soft contribution to electroproduction of mesons are much larger than 
the perturbative ones for momentum transfers of the order of a few GeV and that the 
onset of the perturbative regime is beyond 10 GeV. There is still another contribution to 



electroproduction: it has two active partons, the photon couples to one of them while, by 
insertion of a hard gluon, the other one generates the vector meson. This contribution has 
the topology of the so-called cat's ears diagrams. It has been discussed in Ref. [0] that, 
in the large momentum transfer region, large virtualities or intrinsic transverse momenta 
occur in these diagrams forcing the exchange of additional hard gluons. It is reasonable 
to assume that the magnitude of the cat's ears contribution is between the soft and the 
perturbative ones. 

The paper is organized as follows: In Sect. 2 we will present the derivation of the soft 
mechanism. Next we will discuss the necessary phenomenological input that parameterizes 
the soft hadronic matrix elements (Sect. 3). In Sect. 4 we will comment on the case of 
photoproduction and then present our results for electroproduction of mesons (Sect. 5). In 
Sect. 6 we present our summary. 



2 The soft mechanism 



We are interested in electroproduction of mesons in the kinematical region where the 
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Mandelstam variables s 
hadronic scale, A, of order 1 GeV. Q 2 is not considered as a large scale. Therefore the 
limit Q 2 — > 0, the case of photoproduction, is included in the following. The calculation 
of soft contributions to the process of interest can be performed in full analogy to the case 
of Compton scattering; all its steps can be adopted straightforwardly. We can, therefore, 
restrict ourselves to an outline of the calculation; for details we refer to [J/j. The process 
amplitude is evaluated from the handbag-type diagram shown in Fig. [I] where also the 
four-momenta are defined (as usual Q 2 = —q 2 ). We work in a symmetric frame where the 
transverse momenta of the incoming and outgoing protons are treated in a symmetric way 
(see Fig. |) 



P 



m: 



-t/A 



2^ 



-1a, 

2 " 



P 



P 



m 2 - t/A 
2p~+ 



(1) 



where m is the mass of the proton. The plus and minus light-cone components of the 
momentum transfer are zero in this frame (A + = A~ = 0) and therefore t = — A^_. The 
chief advantage of the symmetric frame is that the skewedness parameter, defined by 
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is zero. In order to specify the frame fully we further impose P3 + 53 = 0. It coincides with 
cm. frame for photoproduction with the 3-axis along p + p'. 

The parton momenta are denoted by ki and k\. They are characterized by the usual 
momentum fractions 

Xl = kt/p + , x\ = k[ + /p' + , (3) 

and the transverse components kj^ and k' ± j. Because of ( = in the frame we are working, 
Xi = x[. The arguments of the light-cone wave functions are given by the momentum 
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Figure 2: Light-cone plus and transverse components of hadron, photon and parton mo- 
menta in the symmetric frame. 

fractions and the intrinsic transverse parton momenta, i.e. the transverse components of 
the parton momenta in a frame where the transverse momentum of the parent proton 
is zero. By performing appropriate (transverse) boosts one finds for the light-cone wave 
function arguments of the incoming hadron 



The arguments of the light-cone wave function of the scattered proton are x! = x\ and 
k' ±i = kjj — x' i A±/2. For the sake of notation, we henceforth drop the subscripts for 
the active partons, i.e. for those participating in the subprocess that mediates the photon- 
meson transition (see Fig. ||). 

The crucial hypothesis in the soft physics approach is now that the soft proton wave 
functions, i.e. the full wave functions with their perturbative tails removed from them, 
are dominated by parton virtualities in the range \k 2 \, \k' 2 \ < A 2 and by intrinsic transverse 
parton momenta satisfying k. 2 ±i /xi, k.' 2 ±i/x' i < A 2 . 1 With the help of this hypothesis one 
can show that the subprocess Mandelstam variables, s = (k + q) 2 and u = (k' — q) 2 , are 
respectively equal to s and u up to corrections of order A 2 (t±Q 2 )/t provided s and — u are 
large on a hadronic scale. This implies that the poles at s ~ and u ~ appearing in the 
lowest order Feynman graphs that contribute to the subprocess 7*g — > Mq (see Fig. [J) are 
avoided and, hence, the pole contributions can be neglected. The physical situation is that 
of a hard parton-level subprocess (s, —t, —u ^> A 2 ) and the soft emission and reabsorption 
of a parton by the proton described by a soft proton matrix element. Hence, we can write 
the helicity amplitude for the process 7*p — > Mp as 



1 A restriction to intrinsic transverse momenta kjj < A 2 instead of k^/xj < A 2 fails as is shown in 
At least one of the parton virtualities would be of order Ai/— i and not A 2 . 



k±i = k ±i + Xi A ± /2 . 



(4) 
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Figure 3: Lowest order Feynman graphs contributing to the subprocess 7*g — > Mq where q 
is either a quark or an antiquark. The upper quark and antiquark lines enter the meson's 
wave function. The internal curly lines represent hard gluons. 
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where H 1 ^^ is the tree-level expression for the hard scattering kernel, p and p' respectively 



MM 



denote the helicities of the photon and the meson, v and v' those of the protons. For the 
sake of legibility we label explicit helicities only by their signs, e.g. we write +, — instead 
of +1/2, —1/2 for fermions. The helicities are defined in the 7*p cm. frame which is 
convenient for phenomenological applications and facilitates comparison with other results. 
On the other hand, the symmetric frame is adapted to discuss the reaction mechanism. 
The sum runs over quark flavors a, e a being the electric charge of quark a in units of the 
positron charge e and B^f denotes the meson's flavor wave function. The first term in 
(0) corresponds to the case where the incoming parton in the subprocess is a quark, the 
second term corresponds to an incoming antiquark. For the production of flavor neutral 
vector mesons gluons have to be considered as active partons too. We will discuss this 
contribution separately below. 

Since the subprocess is dominated by a large scale, we can approximate the momenta 
k, k' of the active partons in the subprocess as being on-shell, collinear with their parent 
hadrons 
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The integration over k~ and in can then be performed explicitly leaving an integral 
/ dk + J dz~ and forcing the relative distance of fields in the matrix elements on the light 
cone, z — > z = [0, z~, OjJ. After this the time ordering of the fields can be dropped [|3[ . 



The proton matrix element can be viewed as the amplitude for a proton with momentum 
p emitting the active parton with momentum k and a number of on-shell spectators times 
the corresponding conjugated amplitude for p', k' summed over all spectator configurations, 
see Fig. [|. This corresponds to inserting a complete set of intermediate states between 
quark and antiquark fields in (H). Realizing that at the proton-parton vertices one has large 
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Figure 4: Parton picture of the soft proton matrix element. 

plus components but, on account of the central hypothesis of small parton virtualities and 
small intrinsic transverse momenta, k^/xj, kj^/a/j < A 2 , one cannot form large kinematical 
invariants. With this feature of the soft mechanism at hand one can replace the products 
of fields in (|) by 

Mo)M*) - (^t) 2 E(^(o)7 + «(^,ao) 

A, A' 

x (u(k,X)j + i>(z)) u a (kf,X')uf,(k,X), (7) 

where A and A' denote the helicities of the active partons and u their on-shell spinors. 
An analogous replacement is possible for the product iftaafflipapfi). In this case antiquark 
spinors, v, appear. Due to this replacement the hard scattering kernels in (^) are multiplied 
with the spinors for on-shell (anti) quarks 

Wjf&k = n{k\ A') H^\k>, k) u(k, A) , (8) 

which guarantees electromagnetic gauge invariance of our result. The charge conjuga- 
tion properties of Dirac matrices and spinors relate the subprocess amplitudes involving 
antiquarks to the quark amplitudes 

v(k, A) Hffi(-k, —k') v(k', A') = k m H^ x , (9) 

where Ky = —1 for vector mesons and Kp = +1 for pseudoscalar ones. The replacement 
(0) reveals that the plus components of the non-local currents dominate the proton matrix 
element and that the operators in the matrix elements are in fact the same as those of 
the leading-twist parton distributions occurring in deep-inelastic lepton-nucleon scatter- 
ing, DVCS or DVEM. This is a nontrivial dynamical feature of large momentum transfer 
Compton scattering and electroproduction of mesons, given that, in contrast to the deeply 
virtual reactions, not only the plus components of the parton momenta but also their minus 
and transverse components are large now. 

As mentioned above we follow the concept used in the calculation of DVEM |j[ ^|, |24| 
and treat the formation of the helicity zero mesons (// = 0) to leading- twist, lowest order 
perturbative QCD (cf. Fig. |3|). In combination with the disregard of quark masses this 
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formation mechanism leads to conservation of quark helicity in the subprocess, A' = A. 
This feature and properties of massless spinors allow to simplify the expression (||) further, 
and to arrive at 
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Following 0|, we take k + = p + , i.e. the light-cone fractions x = x' — 1 in the hard 
scattering which is in line with the requirement to have no hard parton directly coupling 
to the protons. Admittedly, the global factor l/k + in ( [TOD cannot be plainly associated 
with either the hard scattering or the soft matrix element. We therefore choose to keep 
k + = xp + for this factor. We can now pull out the hard scattering amplitude from the 
integrals and use a form factor decomposition for the integrated proton matrix element 
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R^ a and R 1 ^" 1 are new form factors, depending on the type of the meson, V or 



P, and on the flavor of the active quark. As the definition (|TTJ) reveals they are 1/x- 
moments of SPDs at zero skewedness. The link-operator needed to render the definition 
of the SPDs gauge invariant, is not displayed in fllTD , i.e. we assume the use of a light-cone 
gauge combined with an appropriate choice for the integration path which reduces the link 
operator to unity. Due to time reversal invariance the form factors are real functions. The 
form factor Rjf a is controlled by higher-twist dynamics and is expected to be suppressed 



by m ft as compared with R 
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Since the calculation of the soft contributions is only 



accurate up to corrections in A 2 /t, R^ Ia is to be omitted for consistency. Hence, we can 
only calculate the amplitudes conserving the proton helicity. Explicitly they read 
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where the form factors specific to the process 7*p — > Mp are defined as 



R v,A^) = E Ca B a R v,l(t) ■ 



(13) 
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From parity invariance one has m£® = and an analogous equa- 

tion for the parton-level amplitudes 'H y% i \- The amplitudes for longitudinally polarized 
photons simplify as a consequence of parity invariance: the vector form factor, Ry , con- 
tributes only in the case of vector meson production while the axial vector form factor, 
Ra , contributes in the case of pseudoscalar mesons. This is analogous to DVEM. For 
transversally polarized photons, on the other hand, both form factors contribute. 

Let us now turn to the calculation of the parton-level amplitudes. The mesons are 
described by their valence Fock components and, for a longitudinally polarized vector 
meson, we write the corresponding matrix element in the usual way as 

(V, q' \^(xh^(y)\ 0) = q'jv £ dr<j> v {r) e V-(™+^) ? (14) 

where the proportionality between the meson's polarization vector and its momentum, q', 
for longitudinally polarized vector mesons is employed. For pseudoscalar mesons we have: 

(P, q' |^(x) 7 57^(2/)| 0) = iq'Jp £ dr(j>p{r) e ^-(«^v) . (15) 

The meson masses are ignored, r is the fraction of the meson's momentum the valence 
quark in the meson carries. The momentum fraction of the antiquark is f = 1 — r. Jm is 
the meson's decay constant and 4>m its distribution amplitude which is normalized as 

1 dT(f> M (T) = l. (16) 







The definitions fll4D and ([TBI) are equivalent to the other frequently used ones jTOf 
(<K ' /V2)f V (j) V /{2^2W c ) and {<H^/y/2)f P (j)p/{2y/2N^. The color factor l/^/N~ c (where N c 
denotes the number of colors) is not displayed in flUD and ([T5|) ; it is taken into account in 
the parton-level amplitudes explicitly. 

Working out the Feynman graphs shown in Fig. |3|, one finds for the parton-level am- 
plitudes 

= 2*a.fa)f U jZ f Q dr<p M (r)^\r) , (17) 

where 
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s + Q 2 \s(Tt-fQ 2 ) Tuift — tQ 2 ) J v ' 

Cp = (N 2 — 1)/ (2N C ) is the usual SU(3) color factor. Parity invariance fixes the amplitudes 
with negative quark helicities. For the scale of the parton-level amplitudes we choose 
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[xr = s/4 which is roughly the average of the gluon and quark virtualities in the hard 
process. 

In principle the amplitudes (|T7|) hold for all values of t and Q 2 provided the internal 
quark and gluon virtualities are sufficiently large. In the limit of either Q 2 —>■ or t —>■ 
the amplitudes ([T7|) simplify strongly. In the case of photoproduction we find 

WS + = -2na 8 {(M R )f M ^f (1/t) m X 



N c u 
C F /w x J^Tt 



= 2ira s (n R )f M ^f (l/ T ) M ^—^, (19) 



and 7io+,o+ = (oc Q for Q 2 — > 0). In deriving QI9"D we made use of the symmetry 
of the distribution amplitude for the mesons of interest under the interchange r «-> f, 
<Pm(t) = 4>m{j). One observes that only the moment 



1 ^m(t 



(1/t) m = / rfr^^ (20) 
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contributes. In the limit of large Q 2 and small —t, the case of DVEM, the amplitude for 
longitudinally polarized photons, Tt%± q ( j + , also becomes proportional to the 1/r moment, 
cf. for instance p4|| , while terms oc 1/r 2 , 1/f 2 in the other two amplitudes signal the break- 



down of factorization for transversally photons |[25|| . Inserting the parton-level amplitudes 
(|17|) into dl2[) , one obtains the final expressions for the helicity amplitudes. 

For flavor-neutral vector meson there is a complication which we now have to discuss, 
namely gluons have to be considered as active partons as well. Again this situation is 
similar to DVEM f| |, H- In the kinematical region of A 2 C Q 2 < s, characteristic 



of the HERA experiments, the gluon contribution even dominates p6| , E7|. We start the 
calculation of the gluon contribution from an expression similar to @ 



<^ Z e ik-z 
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x ( P '\TA^0)A^\z)\p)H^(k',k), (21) 

where k and k' denote the momenta of the on-shell gluons in the symmetric frame, see 
(|). A pb is the gluon field with color b. For the sake of legibility we do not display helicity 
labels in this equation. The proton matrix element is only non-zero if b = V . With this in 
mind we omit color labels in the following for convenience. 

Now, we have to repeat all steps of the derivation of the quark contribution. As there, 
the use of the approximation (|6]) forces the relative distance of the fields in the proton 
matrix elements to the light cone, z — > z. The important point is now the use of light-cone 
gauge, n ■ A = (where n = [0, 1, 0j_]) which allows to express the gluon field by an integral 
over the field strength tensor G UfM [j3j [5| [28|1 

roc 

A u (z; n) = n^ dae~ £a G u ^{z + an) . (22) 
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(The limit e — > is understood.) With the help of arguments similar to those leading to 
(0) we can replace the products of fields appearing in (pID by 

A p {0)A p \z) = e p (k,X)e* p '(k',X') j dada' e- £a ~ e ' u ' 

x G fi+ (a'n)G^ + (z + an)e^(k,X)e p '(k',X'). (23) 

In the symmetric frame the polarization vectors of the on-shell gluons read 

e(k,X) = [0,e- ej_(A)], e(k', A') = [0, e", e ± (A')] , (24) 

where e ± (±l) = =f(1,±«)/V2. The minus components need not be specified since they do 
not contribute in light-cone gauge. 

The hard scattering kernels appearing in (pT|) are contracted by the first set of polar- 
ization vectors in (|23|) which leads to gauge invariant parton-level amplitudes 

K&x = X')H^\k', k)e p (k, A) (25) 

Gluon helicity flip (A = —A') is suppressed in the proton matrix element at large —t 
since two units of orbital angular momentum are required in order to avoid helicity flips 
of the proton [y = —v'\ Thus, matrix elements involving helicity flips of the gluons are 
suppressed at least as tx m 2 /t and will be omitted. This argument is of importance only for 
longitudinally polarized photons because, for \i = ±1, the parton-level amplitudes Tio\,^-\ 
come out to zero in any case. For A = A' one may decompose the last part of ( p3|) into an 
unpolarized and a polarized gluon contribution 

G^(a'n)G,, + (z + an)e* p (k, X)e^'(k', A) = 

l -G^{a'n)G^ + {z + an) [gf + XV^'] , (26) 

where gj 1 = g 22 = 1 and V 12 = —V 21 = i while all other components of these tensors are 



zero. As for the case of quarks, see (|Tl~D, we introduce a form factor decomposition for the 
proton matrix elements of the field strength tensors 

- 1 . , r dz 



[ dxp + [ ^_ e *v+z- [°° dada'e-^- e ' & 

JO J 2"7T JO 



and 



x (P, v'\ G/j, + (a'n) Gy + (z + an) \p, v)gf 
= u( P ', uJjMp, v) + _^u{p'^)a + ^u{p^) m) (27) 

2p + 2m 2p + 



1 dxp + J — e ixp+z ~ y°° da da'e- £a - e ' a ' 

x (p', v'\ G^a'n) G^+iz + an) \p, v) V^' 
u{p',v')i+isu{p,v 



R\(t) . (28) 
2p + 
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Figure 5: Lowest order Feynman graphs for the subprocess 7*g — > Mg. 



The form factors are related to SPDs at zero skewedness (^ =Q , ^=o an d £f=o)> e -S- 

= f^UM. (29) 
Since the forward limits of JF^ and are defined in such a way that 

atffr) = t = °) > xA ^( ;E ) = ^=0^. * = °) > ( 3 °) 

one may still call these form factors 1/x-moments of SPDs. Neglecting, as in the case of 
quarks, R 9 T we finally arrive at the helicity amplitudes for the gluon contribution 

M^H + (s, t) = I [W*™ ( a , t) + R v ^(t)) 

+ wSL^iM K (9) W - #I (9) (*))] , (si) 

where 

4 9 A=E^r^A- (32) 

a 

Because of parity invariance Hjj^_„_ 1 = (— 1) M W^/ii the form factor i?^ 9 - 1 does not 
contribute to the amplitudes for longitudinal photons. 

The parton-level amplitudes, to be evaluated from the six lowest order Feynman graphs 
shown in Fig. |5], read 

,V(g) _ 27ra s (/iR) 



/v £dTMT)fP(T), (33) 



where 
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fut s 1-Arf Q 2 



2s s + Q 2 tt (ft - rQ 2 )(rt - TQ 



A) M Q i 2rf[g 2 ( g + Q 2 )-t( g -g 2 )]-tg 2 

Jo lTJ s + Q 2 rf (ft - TQ 2 )(rt - fQ 2 ) ' 1 ' 
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Since the gluon amplitudes only contribute to photoproduction of flavor neutral vector 
mesons whose associated distribution amplitudes are symmetric under the interchange 
t <-» f, we display only the r f symmetric part of the amplitudes in (|34|). The quark 
amplitudes (|I8D , on the other hand, contribute to the production of flavored mesons too. 
We, therefore, show the full quark amplitudes although we do not discuss these cases here. 

As one may see from (j3~ll) , the gluon amplitudes vanish in the limit Q 2 — > 0. Finite 
19 ~^ V9 amplitudes may be obtained if meson masses and/or transverse momenta are 
taken into account (cf. for instance [27, |29|). 

The amplitudes (|2~lD have to be added to those given in (0) for vector mesons: 



M v _ M v( q ) M v( 9 ) 



(35) 



3 The form factors and the meson distribution am- 
plitudes 

Before we present numerical results for the observables of electroproduction of mesons, we 
have to model the new form factors. In Eq. (|13"D the general composition of these new 
form factors is presented in terms of the individual flavor contributions. The explicit flavor 
structure of the form factors for various mesons is given in Tab. |l[ In contrast to Compton 
scattering where the sum runs over all flavors, here the sum is over the valence quarks of 
the produced mesons. In other words, the meson selects its valence quarks from the proton. 
The physical situation is thus similar to DVEM in this respect. For vector mesons, also 
the flavor factors associated with the gluonic form factors (see (|3T|), (|32|) ) are listed in the 
table. 





Rf 


R Va 




^ 2 [e u Rf u -e d Rn 


■±[e u -e d }Rf 




j= 2 [e u Rf u + e d Rf d ] 


^[e u + e d }Rf 


0,Vs 


e s Rf s 


e s Rf 



Table 1: Flavor composition of the form factors R 



Mi 



V, A) for pseudoscalar and vector 



mesons and the flavor factors for the gluonic form factors. 



uj — (f) mixing is ignored since the corresponding mixing angle is very small. 77 — f] f 



mixing, on the other hand, is taken into account. Following |3(J, we work in the quark 
flavor basis and write 



77 = cos <f)p r] q - sin <f)p T] s , 
ff = sin (ftp T) g + cos 4>p rj s . 



(36) 
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T] q is a state built from u and d quarks only while 7] s is a ss state. The parameters of 
that Tj — Tj 1 mixing scheme, the mixing angle, 0p, and the decay constants, f q and f s , of 
the basis states are determined in on exploiting the divergencies of the axial vector 
currents which embody the axial vector anomaly. For the mixing angle a value of 39.2° is 
found in [|3(] . 

As an inspection of Eqs. ( |10|) and ([11]) reveals the form factors are exactly the 
same as those appearing in Compton scattering [0, ||. Thus, in principle, from a combined 
analysis of data on Compton scattering and production cross section for various mesons, 
one may extract information on the form factors for individual flavors from experiment. 
This allows to test the soft mechanism independent of a specific model for the form factors. 

For a numerical estimate of the form factors we use the model proposed in Ref. 0. In a 
frame where A + = the SPDs and, hence, the form factors can be represented as overlaps 
of light-cone wave functions summed over all Fock states in close analogy to the familiar 
Drell-Yan formula ]3T| . A detailed discussion of that overlap representation is given in Refs. 



|7], [32|. Each A-particle Fock state is described by a number of terms, each with its own 
momentum space wave function where j3 labels different spin-flavor combinations of 
the N partons. Assuming a single Gaussian /^-dependence of the soft Fock state wave 
functions 



N 



Nj3 



. 3; i 



k ±i ) oc exp[— a 



N 



k 2 



.1 , 



(37) 



one can explicitly carry out the momentum integration in the overlap formula. The ansatz 



(p7j) satisfies various theoretical requirements |33| , p% and is in line with our central hy- 
pothesis that the soft hadronic wave functions are dominated by transverse momenta with 
k±i/xi < A 2 , necessary to achieve the factorization of the electroproduction amplitudes into 
soft and hard parts 2 . The results of the transverse momentum integration for the vector 
and axial vector form factors are respectively related with the Fock state contributions 
to the unpolarized (q a (x), g(x)) and polarized (Aq a (x), Ag(x)) parton distributions. For 
simplicity one may assume a common transverse size parameter = a for all Fock states 
which seems to be a reasonable approximation since, for large -t, the main contribution to 
the overlap integral is only due to a limited number of Fock states [/J. This simplification 
immediately allows one to sum over the Fock states without specifying the Xj-dependence 
of the wave functions. One then arrives at the following model for the form factors for 
individual flavors (a = w, d, s): 



R Va 



Ryit) 



1 dx 

— exp 
o x 

1 dx 

— exp 

o x 



-dH— 



X 



-d 2 t 



x 

1 — X 



X 



{q a {x) + q a {x)} 
{q a (x) - q a (x)} 



2 The wave function ([57|), perhaps multiplied by a polynomial in the Xi, is not continuous in the end- 
points Xi — kj_i = (i = 1, 2 or 3). It can, however, be shown [ p2| that the overlaps evaluated from such 
wave functions, are infrared stable, i.e. they are not dominated by contributions from regions of very small 
Xi and kj_i. 
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= T— exp 

Jo x 



1 9 1 — X 
-aH 

2 x 



g{x) . (3* 



The corresponding axial vector form factors are obtained from fl38|) by replacing the un- 
polarized parton distributions q a , g with the polarized ones, Aq a , Ag. 

As shown in |7|] an evaluation of these form factors from the parton distributions of 
Gliick et al. (GRV) [^] (taken at a scale of 1 GeV) and with a ~ lGeV™ 1 , leads to 
results for Compton scattering in fair agreement with experiment. In order to improve the 
model (|38D the lowest three Fock states were modeled explicitly in [0] assuming specific 
distribution amplitudes, e.g. 

(pusix-i) = 60xix 2 x 3 (l + 3xi) , (39) 



for the valence Fock state |jlb| . The form factors fl38|) for the quarks are then evaluated 
from these three lowest Fock states (with = 0.75 GeV 1 ) and the contribution 

from all higher Fock states is estimated by setting (a^ = 1.3 03 for N > 5) 

E^O*) = &(*)- £ ql N \x). (40) 

N>5 iV=3,4,5 



The q a (x) are taken from the GRV parameterization [35] and the three lowest Fock state 
contribution q^ N=3,4: ' 5 \x) are evaluated from the light-cone wave functions. This model 
provides a good fit to Compton scattering and to the proton form factor F\ (by expressions 
similar to ( PB| ) J7| ) . In Fig. |5] numerical results for the vector and axial vector form factors 
are shown. The simplifying model assumption of unpolarized gluons and sea quarks has 
the consequence of a zero gluon form factor R 9 A . Most of the strange form factors are 
therefore zero too: 

RP' = R\ s = R p / = . (41) 

Only Ry s is non-zero, even though very small. The form factors for u quarks are largest. 
They approximately behave as 1/t 2 in the momentum transfer region from about 5 to 
15 GeV 2 ; for the other flavors and for the gluon that range is shifted to somewhat smaller 
values of —t. With increasing —t the form factors for u and d quarks gradually turn into 
the soft physics asymptotic oc 1/t 4 , while the other form factors decrease faster. The 
leading powers of 1/t in the asymptotic behavior of the form factors (|38| ) follow from the 
Xj-dependence of the model wave functions at the end points (see for instance Eq. ([59])) 
0. In the region where the form factors drop as 1/t 4 or faster, which is above 100 GeV 2 , 
the perturbative contribution will take the lead. 

The other soft physics information required in our approach is that of the form of the 
meson's distribution amplitude. From analyzes of the pion-photon transition form factor 
(see for instance [|1^, [L3|, [14]]) it became evident that the pion's distribution amplitude (its 
formal definition is given in (|i"5[) ) is close to the asymptotic form 

0As(r) = 6r(l-r). (42) 



This result is supported by the instanton model |3J| and by recent QCD sum rule studies 
|57fl . The analyzes of the rj- and ?/-photon transition form factors revealed that the r] q 
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Figure 6: The form factors Ry Ia , R^ a and R v , scaled by t 2 , as evaluated from the overlap 
model proposed in [f|. 
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distribution amplitude is close to the form ((42]), too [12|, |5B| . Although the transition 
form factor data are compatible with the asymptotic distribution amplitude for the t] s as 
well, a somewhat narrower one cannot be excluded. For vector mesons no phenomenological 
information is available but QCD sum rules |39j taught us that the distribution amplitudes 
for longitudinally polarized vector mesons can also be approximated by ([42]). In order to 
keep matters simple we therefore choose the form (|42|) for all mesons. We expect that 
the uncertainties in the predicted production cross sections due this choice do not exceed 
10 — 15%. Associated with the distribution amplitude (|^2|) is a value of 3 for the 1/r- 
moment (t20|). 



For the meson decay constants we use the values [40 



132 MeV 
195 MeV 



u 



216 MeV , 
237 MeV. 



(43) 



and for the decay constants of the states r\ q and r\ s |3T) | 



/„ = 141MeV, f s — 177 MeV . 



(44) 



4 Photoproduction of mesons 



Using (|I2| ) and flUf), we obtain for the photoproduction cross section of pseudoscalar mesons 

1 



da p 
dt 



-a P 



-t 



7ra s (/^i?)/p(l/T) J 



C^ 2 
'N, 



c 



u 



{R^t)f + e{R p A {t)f}. 



(45) 



The corresponding expressions for photoproduction of vector mesons are a bit more com- 
plicated due to the occurrence of the gluonic contribution. In Fig. [7| we show, as an typical 
example, the soft physics contribution to the large momentum transfer photoproduction 
cross section of uncharged pions as evaluated from the form factors discussed in Sect. 3. 
We see that at fixed scattering angle the cross section approximately exhibits the s 7 -scaling 
as predicted by dimensional counting [41|. This scaling behavior holds in the soft physics 



approach as long as the form factors Ry A behave as 1/t 2 (see Fig. ^). Similar results are 
found for the production of the other mesons. 

As compared to experiment (at s ~ 10 GeV 2 ) |2"0"| , P^] the soft physics contributions are 
too small by orders of magnitude. This can easily be understood by evaluating the ratio 
of 7T° production and Compton cross section [|7| 



da( 1P -> 7T°p) = -t afljiR) g < 1/t >l 
da(^p -> 7p) s a em s 



Csoft 



(46) 



where c so f t , a ratio of form factors and kinematical factors, is of order 1. The ratio of the 
two cross sections is therefore about 2 GeV 2 /s, i.e. much smaller than unity in contradiction 
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Figure 7: The soft physics contribution to the cross section for photoproduction of tt° 
scaled by s 7 versus cos#, where 9 is the scattering angle in the 7*p cm. system. 



to experiment |E0j, where the ratio is about 50 (at s ~ 10 GeV 2 , and a 7*p cm. scattering 
angle, 8, of 90°). Mainly responsible for the small ratio fl46|) is the perturbative formation 
of the meson which only probes small quark- ant iquark separations in the meson. The 
amplitude is, therefore, proportional to the meson's decay constant which, for dimensional 
reasons, is to be scaled by ^/s. The (l/r) n moment, appearing as a consequence of the 
perturbative meson formation, cannot compensate the small ratio f-n/\fs. 
The ratio 



l6|) also holds in perturbative calculations, in the pure quark picture |2T 
as well as in the diquark model, a variant of the standard perturbative approach in which 
diquarks are considered as quasi-elementary constituents of baryons |42| . The factor c pert 
may, however, be larger than unity. Although there is no obvious enhancement in any of 
the many Feynman graphs contributing to the perturbative amplitude, the graphs may 
conspire in such a way that a large value of c pert is built up. In order to see whether or 
not this is the case, an explicit and reliable calculation of meson production within the 
perturbative approach is called for. 

The observation of a relatively large photoproduction cross section in experiment is in 
line with the power law behavior in s at fixed scattering angle. s~ n -fits to the present data 
in the range 6.5 GeV 2 < s < 12 GeV 2 and 50° < 9 < 130° provide pi: 



IP 
IP 



7T p: 
IP- 



n 
n 



8.0 ±0.1, 

6.1 ±0.3. 
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For the 7p — > (p° + c<j)p data the statistics does not allow a meaningful determination of 
the power n. However, n seems to be larger than 7, rather compatible with 8. For Compton 
scattering the power is compatible with dimensional counting, while for tt° production, and 
possibly for the sum of p° and uj production, the value of n rather equals that one observed 
in elastic up scattering ]23[] (n ~ 8; data are averaged over resonance- like structures) f\. 
Admittedly, the photoproduction data are rather poor and need confirmation. Data on 
photoproduction of <fi mesons will become available from the TJlab soon {yj which will 
perhaps allow a determination ot the power n for that reaction. 

Both the observations in the large momentum transfer photoproduction data, the large 
powers of s at fixed scattering angle and the large cross sections, indicates that another 
dynamical mechanism is at work here. It is tempting to assign it to the hadronic component 
of the photon. This proposition is supported by a vector meson dominance (VMD) estimate 
of the photoproduction cross section. Combined with quark model ideas VMD, for instance, 
relates photoproduction of p°-mesons to elastic pion-nucleon scattering EH 



da , , da _ _ 

— (7T> -> 7T» + — (7T p -> 7T p) 



(47) 



This relation is satisfied by experiment within a factor of 2-3 P^| . With respect to the 
uncertainties arising from possible spin effects and the poor quality of data this may be 
considered as fair agreement. Thus, it seems that photoproduction of p° and tt° - and 
likely of other mesons - is indeed controlled by the hadronic component of the photon. 
In this case one would expect the produced vector mesons to be polarized transversally 
rather than longitudinally. Since the fixed-angle energy dependencies of the contributions 
from the hadronic component of the photon (~ s~ 8 ) and from the soft mechanism (~ s~ 7 ) 
are so close, much higher energies are needed before the soft contribution (and/or the 
perturbative one) will control photoproduction of mesons. We, therefore, refrain from 
presenting more predictions from the soft physics approach for photoproduction of mesons. 
We stress that our approach to photoproduction requires high energies, large momentum 
transfer and small values of | cos#|. If s/ — t ^> 1 Pomeron exchange becomes dominant, 



see for instance [46 



One may wonder whether Compton scattering is also dominated by the hadronic com- 
ponent of the photon. However, the analogous VMD estimate, with both the photons 
replaced by vector mesons, provides values for the Compton cross section that are about 
an order of magnitude below experiment [20| at s ~ 10 GeV 2 . Moreover, the Compton 



cross section exhibits s 6 -scaling and not an s 8 one as would be the case if the hadronic 
component of the photon dominates. Thus, the simplest elementary process, elastic scat- 
tering of point-like photons from quarks, dominates Compton scattering off protons already 
at rather low energies [47] . 



3 We recall that a s 8 -scaling of the fixed-angle meson baryon cross section is easily accounted for by 
the soft physics approach in the relevant region of energy M . 
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5 Electroproduction of mesons 



Let us now discuss our results for large momentum transfer electroproduction. As is well- 
known the cross section for ep — > epM can be decomposed as follows 



4-.M 



dsdQ 2 dtdip l6% 2 E 2 L m 2 Q 2 (l- e) 



x 



dt 



dt 



~~dT 



+ e—±- + 2c cos 2cp—^- + J2e(l + e) cos ip 



dt 



(48) 



where ip denotes the azimuthal angle between the hadronic and leptonic scattering planes. 
El is the energy of the incoming electron in the laboratory frame and e is the ratio of 
longitudinal to transverse photon flux. Details of the kinematics can be found for instance 

) read: 



in Ref. J5|. The partial cross sections in ( 
(i) The cross sections for transverse photons (reducing to the unpolarized cross section for 
photoproduction of mesons, i.e. for Q 2 = 0) and for longitudinal photons, 



da™ 
dt 

daf 



1 



32tts(s + Q 2 ) frt 
1 



E \M& t+v \ 



E \M& t 



v\ 



dt 32vrs(s + Q 2 ) ^ 

(ii) The transverse-transverse and longitudinal-transverse interference terms 

u',v 



(49) 



da M 



TT 



dt 
daf T 



64vrs(s + Q 2 ) 
V2 



(50) 



dt 64vrs(s + Q 2 ) 

In Fig. ^ we show, as a typical example, the p° production cross section for longitudinally 
and transversally polarized photon as a function of Q 2 at a scattering angle of 90°. Except 
for small Q 2 (Q 2 /s << 1) the longitudinal cross section 



dal 
dt 



AN 2 



s(s + Q 2 ) 



dT(f> M (r) 



Op 



+ (l + KM )/o (9) (rX(t) 



•>M, 



(51) 



dominates, i.e. the cross section that conserves s-channel helicity. Again we have similarity 
to DVEM. Also similar is the fact that the longitudinal cross section for the production 
of vector mesons is associated with the vector form factors, Ry, while in the case of 
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Yl,t+P-->P° + P 




Q 2 [GeV 2 ] 



Figure 8: The transverse and longitudinal cross sections for the photoproduction of p° 
mesons at s = 40 GeV 2 and 6 = 90°. 



pseudoscalar mesons it is connected with the axial vector ones, R^- In contrast to the 
limiting cases of either t — > or Q 2 — > the explicit form of the mesons distribution 
amplitude is required in the evaluation of the large momentum transfer electroproduction 
cross section. Tuning the ratio Q 2 /t details of the distribution amplitude can be explored. 
Even if the form factors behave oc 1/t 2 strictly, da/dt does not exhibit s 7 -scaling. Despite 
of this we keep multiplying the cross section by s 7 since this compensates most of the 
energy dependence. 

The hadronic component of the photon vanishes with increasing Q 2 rapidly, approx- 
imately as my/(Q 2 + my) in the amplitude. This is for instance, clearly visible in the 
integrated cross section for p° production: while, at low Q 2 (;$2GeV 2 ), its energy depen- 
dence is very similar to that of total cross sections for elastic hadron-hadron scattering, 



it is much steeper at large Q j4l|. The steep rise of the p cross section is correlated 
with the behaviour of the gluon SPD for < x' < x <C 1 which should reflect the strong 



increase of the gluon distribution for x — > p, 27 . By virtue of the rapidly decreasing 



hadronic component of the photon and the strong rise of the longitudinal cross section (see 
Fig. |D with increasing Q 2 , we expect the soft physics approach to be applicable for photon 
virtualities larger than about 2 — 3 GeV 2 provided s, —t and — u are large. 

Results for the partial cross sections for electroproduction of p°-mesons are shown in 
Fig. [5| (at s = 20 GeV 2 and 40 GeV 2 ). We see that the longitudinal cross section is 
dominant in the region of small | cos 6 \ . For larger values of | cos 9 \ the transverse cross 
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Figure 9: The partial cross sections for electroproduction of p° mesons versus cos 6 at 
s = 20 GeV 2 and Q 2 = 2,3,5 GeV 2 (top) and at s = 40 GeV 2 , Q 2 = 2,5,10 GeV 2 
(bottom), plotted as solid, dotted and dashed lines, respectively. 
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Figure 10: The longitudinal cross section, scaled by s 7 , for electroproduction of n°, r], uj 
and mesons versus cos 6 at s = 20 GeV 2 and Q 2 = 3 GeV 2 . 



section as well as the longitudinal-transverse interference become sizeable. 

In order to demonstrate the relative magnitude of the production cross sections for 
various mesons we display predictions for the scaled longitudinal cross sections at s = 
20 GeV 2 and Q 2 = 3 GeV 2 in Fig. [31]. The gluonic contributions to the cross sections for 
vector mesons are generally small in the kinematical region of interest. This is obvious 
from the relative strength of the quark and gluon form factors, see Fig. []. The exceptional 
case is the <fi meson. The only quark form factor contributing, Ry s , is very small and 
the gluonic contribution therefore dominates the production of mesons. Since the form 
factor R^ s is zero in the model (see Eq. PIP) the ratio of longitudinal cross sections for 
the production of if and r\ mesons is given by the square of the tangent of the pseudoscalar 
meson mixing angle, see (PBp. 

Finally we comment on the accuracy of our calculation. As we said repeatedly, large 
momentum transfer and photon virtualities larger than about 2 — 3 GeV 2 are required for 
the dominance of the soft mechanism. However, the momentum transfer should not be too 
large since then the pure perturbative contribution 0, 21] will become important. The 
onset of the perturbative regime is expected to be beyond t ~ —100 GeV 2 |7|]. Even in 
the soft regime one has to be aware of corrections. For instance, the lowest-order, leading 
twist perturbative formation of the mesons may be subject to substantial corrections of 
perturbative and/or soft origin. These may give rise to a K-factor in the normalization of 
the electroproduction cross section as is known from the Drell-Yan process and, according 
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to Martin et al. [57], is required in DVEM at least at small Q 2 / s. 



6 Summary 

In the present work electroproduction of flavor neutral pseudoscalar and longitudinally 
polarized vector mesons at large s, —t and — u is investigated. The photon virtuality is not 
considered as a large scale; therefore the limit Q 2 — > is included in the investigation. This 
study of electroproduction is complementary to the case of DVEM where Q 2 is large and 
—t small. Based on the central assumption of the dominance of small parton virtualities 
and small intrinsic transverse momenta in the proton's light-cone wave function we have 
shown that, like in Compton scattering |7J, the electroproduction amplitudes factorize in 
hard parton-level subprocess amplitudes and soft proton matrix elements described by the 
same type of form factors as appear in Compton scattering. These form factors represent 
1 / x-moments of SPDs. The soft mechanism bears resemblance to the dynamics controlling 
DVEM [H, H, |24|, |26], in many respects: The same parton-level subprocesses occur, 



the longitudinal cross section dominates (if |cos#| is small and Q 2 not too small) and 
the soft information on the proton is encoded in SPDs. Different is that, in the large 
momentum transfer region, a symmetric frame with zero skewedness can be chosen which 
entails the formation of 1/x-moments of the SPDs, i.e. the appearance of new form factors. 



For asymptotically large momentum transfer the perturbative contribution |TIJ will take 
the lead, the soft contribution, discussed here, then presents a power correction to it. 
We emphasize that the dimensional counting rule behaviour, i.e. s 7 -scaling, approximately 
holds for photoproduction of mesons in the soft physics approach for a limited range of 
energy. 

The new form factors, characteristic of large momentum transfer Compton scatter- 
ing and electroproduction of mesons, can in principle be extracted from experiment by 



Rosenbluth-type separations [50|. Their measurements would provide information on the 
large momentum transfer behavior of the proton SPDs and would allow to test models 
for them. Moreover, the experimental verification of their energy independence would 
constitute a severe test of the soft physics approach. 

Based on a light-cone wave function overlap model for the form factors we have pre- 
sented detailed predictions for electroproduction of pseudoscalar and longitudinally po- 
larized vector mesons at moderately large photon virtuality. Although the soft physics 
approach also applies to large momentum transfer photoproduction of mesons it seems - as 
judged on the basis of the present data - that the contributions from the hadronic compo- 
nent of the photon dominate these reactions up to rather high energies. The kinematical 
region in which the soft physics approach is applicable to electroproduction, is accessible 
to experiments at the upgraded TJlab and at the proposed ELFE accelerator and EPIC 
collider. The measurement of large momentum transfer electroproduction of mesons is 
certainly difficult but seems feasible. We have not discussed electroproduction of flavored 
mesons and of transversally polarized vector mesons in this work. These processes involve 
flavor or helicity non-diagonal SPDs which are not directly related to those appearing in 
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the processes we have investigated. As in DVEM [[51], higher twist dynamics plays 
an important role in electroproduction of transversally polarized vector mesons since the 
leading twist, lowest order subprocess amplitudes are zero in this case. 
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